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Abstract  
Conditions of a layer-by-layer synthesis of 3D parts made of nitinol by a Selective Laser Melting (SLM) are studied. 
Full-density 3D parts from nitinol are manufactured by the SLM with preheating up to 500 0C. The effect of different 
laser parameters on the structure and an intermetallic phase composition of the melted samples is analyzed by the 
methods of optical metallography, microhardness measurement, SEM, X-ray and EDX analysis. Optimal SLM 
conditions for NiTi sample’s fabrication and eventual biomedical applications are discussed.  
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1. Introduction 
Nitinol is known to be a NiTi intermetallic phase that is in addition to its biocompatibility 
characterized by such properties as superelasticity, damping and a shape memory effect. Shape memory 
alloys (SMA) have attracted great interest for their potential use as functional materials for many 
engineering applications, for instance, as active, adaptive or/and smart structures, as well as for certain 
biomedical applications. Conventionally, NiTi is produced in ingots by the self-propagating high-
temperature synthesis (SHS), arc or induction melting followed by the hot working and tooling till a real 
net-shaped object is formed. But the arc melting requires multiple remelting to ensure a sufficient 
homogeneity, while the shortcomings of the induction melting are caused by the oxygen contamination of 
the crucible [1, 2]. An attractive powder metallurgy technique for NiTi shaping and compacting is hot 
isostatic pressing, though it only allows the simplest form of a sample.  
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Modern direct for the metal fabrication systems (SLM, LENS and DMD) secure melting of a wide 
range of powder materials and their mixtures with greatly different properties, including various melting 
points. Therefore the technological windows (i.e. sets of optimum values for the laser power, beam 
scanning speed, powder thickness of powder layer, etc.) are rather different for different powders. Nitinol 
powder, owing to the above-mentioned particularities, was not used widely. For example, in the paper [2] 
the fabrication of 3D net-shape parts out of NiTi alloy by using the LENS process was described. It was 
recommended however to make a post fabrication additional heat treatment of the laser-processed 
samples in order to smooth away thermally induced stresses and defects.  
At the LPI, Samara branch, for the first time, the SHS–SLS technique was proposed to prepare 3D 
items of porous NiTi with a computer-controlled shape and size [4]. It was discovered however that such 
items could include other intermetallic phases (Ti2Ni, Ti3Ni, TiNi3), in case of failure of the laser control 
of the synthesis exothermal reaction. Therefore in our recent works [5, 6], we used preformed nitinol 
powder for the SLS of porous scaffolds and drug delivery systems. The present study is dedicated to the 
search of optimal conditions for the direct SLM of NiTi powder and fabrication of the full density 
(nonporous) samples for stomatology and orthopedy.  
2. Materials and experimental procedure 
2.1. Materials 
For the experiments the nitinol powder produced by the TLS Technik GmbH&Co (Germany), 
containing 99.76 wt.% of intermetallic NiTi phase was used. The NiTi powder was represented by a 45 
pre-alloyed NiTi phase was obtained by means of the gas phase atomization. The NiTi 
stoichiometric ratio was 45 wt.% of Ti and 55 wt% of Ni.  
 
Table 1. NiTi (– 45 μm) powder characteristics 
 
Apparent density, 
g/cm3 
Tapped density, g/cm3 Hausner ratio Volume specific 
surface, μm–1 
Carr’s index,  
% 
3.37±0.033 3.78±0.024 1.12±0.007 0.315 11.0±0.01 
 
The granulometric analysis of the particles was carried out by an optical granulomorphometer 
ALPAGA 500 NANO a real-time optical sieving system, equipped with the CALLISTO image analysis 
software (OCCHIO s.a.). Powders were dried by heating up to +80 C during 12 hours, and then cooled in 
a cooling chamber. Apparent and tap densities were measured at room temperature and relative air 
humidity of 50-55%. The particle size parameters were estimated to be the following equivalent diameter 
(weight by volume) d10= 11.4 μm, d50= 25.5 μm, d90= 37.5 μm. 90 % particles have equivalent diameter 
(by number) less than 10.8 μm, and sieving diameter of 10.1 μm. While 10% particles had the shape 
factor less than 81% and roundness of about 84% (Fig. 1). The NiTi (–45 μm) powder had a good poured 
fluidity (Table 1).  
2.2. Experimental setup 
Experiments were carried out with the SLM machine PM 100 (Phenix Systems). The source of 
radiation was YLR-50, continuous-wave Ytterbium fiber laser by IPG Photonics operating at the 
wavelength of 1075 nm. The processing chamber provides a closed environment filled with nitrogen as a 
protective gas. An infrared heater placed inside the processing chamber filled with argon as a protective 
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gas was used for preheating (T max = 900 0C) during the layer-by-layer synthesis, that is important in 
dealing with high-temperature ceramics. The preheating temperature was controlled by a thermocouple. 
This very advantage was used in our study and lead us to a success (Fig. 2). Under the present study, a 50 
W - power was delivered to the powder layer. The laser spot size on the surface of the powder bed was 70 
μm in diameter. The fabrication module provided the closed environment with a protective atmosphere of 
pure argon. The thickness of the layer was 60 μm. The two-zone SLM were applied with the hatch 
distance Sh of 100-160 μm and scan velocities v – 60-220 mm/s. We compared the obtained results of the 
SLM conducted at 20, 300 and 500 0C.  
 
 
Fig. 1.    The SEM micrographs of NiTi (– 45 μm) powder TLS 
Technik GmbH & Co 
Fig. 2.    Results of 3D SLM rectangular samples (10x10 
mm), Sh=100 Ů, v was: (a) 100 mm/s;  
(b) 160 mm/s, Tmax  = 500 0C 
2.3. Analytical equipment  
The macrostructure of 3D samples (Fig. 2) was examined with the Neophot 30M optical microscope 
with a digital camera and PMT-3M microhardness tester. The samples density was determined by 
measuring their geometric dimensions and weighing the mass of the samples. The phase composition of 
the sintered parts was determined by x-ray diffraction (XRD) with the use of a DRON-3 diffractometer in 
Cu-K  radiation. The morphology of the nitinol layers after the SLM was studied with the aid of a LEO 
1450 scanning electron microscope (Carl Zeiss Company) equipped with an energy-dispersive x-ray 
analyzer (INCA Energy 300, Oxford Instruments).  
3. Results and Discussion 
3.1. Macrostructures and microhardness examination 
The search of the SLM technological frame within the above-mentioned range was extremely 
hindered, since at high temperatures inside chamber for the synthesis any heating and cooling cycle 
occupies from 4 to 10 hours for the each regime. At room temperature and a fixed power and beam 
diameter of the LI, the change of the LI scanning speed and/or the hatch distances can be described 
quantitatively and the basic tendencies can be understood. It is possible to briefly reduce them to the 
conclusions already known from other materials. The increase of the laser energy input results in a steady 
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melting of the nitinol separate monolayers at Sh - 80-120 μm and scanning speeds v of 100-180 mm/s. At 
lower energy input the monolayers dispersion is observed, while under lager energy inputs their strong 
deformation takes place. However the main thing is that the 3D sample stratification occurs under a 
subsequent multilayer SLM in the indicated range of the Sh - v parameters. The temperature change in the 
synthesis chamber had dramatic after-effects. Under the temperature rise up to 300 0C the range of 
optimal regimes by the Sh - v parameters was reduced, the 3D samples started to be obtained; however, an 
incomplete layers melting took place on the sample edges. Finally, under the temperature of 500 0C inside 
the synthesizing chamber we succeeded in reaching a complete SLM (Fig. 2) for two regimes only.  
Fig. 3 presents the results of optical metallography, made for the frontal (Fig. 3a) and lateral side (Fig. 
3 b,c) of the sample from Fig. 2b. Clearly visible are the laser passage strips in the vertical direction in 
Fig. 3a. The nitinol remelted microstructure from the lateral side (Fig. 3b,c) has lamellar elements 
characteristic of the multipass laser cladding and these elements represent the cross section of the separate 
rollers of the cladded seam. A dispersed microstructure being the matrix with small inclusions is found in 
each element. A pointer in Fig. 3c indicates a spherical formation apparently relating to the parental 
fraction of the NiTi powder. The dendrite or cellular structure features, as well as the crystal pointed 
growth are not explicitly visible. The pores and cracks should be mentioned in the sample volume, as 
shown in Fig. 3b by pointers.  
 
 a)  b)   
c) 
Fig. 3.  Optical microscopy images: (a) frontal (x100); (b) lateral (x100); (c) (x500) surfaces; Arrows explained in the text 
The measured sample density was 97.1% of the cast nitinol density, which testified to good 
metallurgical qualities of the material.  
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Fig. 4.  Microhardness measurements in the remelting nitinol structure 
The microhardness measurement results by the sample height are shown in Fig. 4. Their values ranged 
from 540 to 735 HV. On the whole these values are in 1.5-2 times much than corresponding data for the 
cast structures of nitinol (~ 350-440 HV for the martensite phase) [7], that we explain due to an additional 
hardening of the nitinol matrix after a high-speed laser cooling. Significant deviations from the average 
are observed near the substrate, where the SLM conditions were determined by an intensive heat 
dissipation into the mass of the steel substrate and near the sample surface.  
3.2. Comparative X-ray phase and SEM with EDX analysis 
The quantitative X-ray analysis results are presented in Fig. 5. First of all the complete absence of any 
other (Ni3Ti, NiTI3) intermetallic phases should be noted as an unconditionally positive factor. The 
presence of the metastable Ti2Ni intermetallic phase is probable, which is by its structure and properties 
relative to the initial NiTi phase and in the course of time can completely transfer into its own stable state. 
Also no peaks of a free titanium and nickel are not observed. This confirmed that the structural-phase 
transformations are not occurring under indicated LI regimes of the SLM, and it means that the material 
does not contain impurities and can be recommended for medical applications [8].  
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Fig. 5.  XRD patterns of nitinol sample synthesized by SLM process 
Nitinol proper is presented by its austenitic phase with the cubic (100), (200), (211) lattice and by its 
martensite phase with the monoclinic (- 111), (012) lattice probably appearing after the remelting. Since 
the interplanar space for the nitinol martensite phase is practically identical with that for the Ti2Ni phase 
with monoclinic (511), (422) lattice, hence a clear identification of this metastable phase in our samples 
seems to be doubtful.  
The SEM allows a more thoroughly study of microstructures appearing during SLM process. As it is 
evident from Fig. 6, after a high-speed laser recrystallization from the melt, grains are segregated. The 
grain boundaries are clearly distinguished in the SEM image. Under a large magnification (Fig. 6b) the 
dendrite sub- structure is properly examined, that has been practically imperceptible by the use of the 
optical metallography (Fig. 3c).  
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Fig. 6.  High magnification SEM image with EDX analysis of sintered nitinol cross-section. Regions S1 – S3 correspond to the 
areas of EDX analysis 
The element analysis of the S1-S3 regions by the Ni and Ti percentage also testifies that we deal with 
respect to the initial intermetallic phase.  
4. Conclusion  
For the first time the solid nitinol samples were obtained by the two zone SLM process with the hatch 
distance of 100 μm, laser power of 50 W, laser beam diameter of 60 μm and with the scan velocities 100 
and 160 mm/s under the additional heating up to nearly 500 0C. The relative bulk density of the NiTi 
processed by the SLM was about 97% of the solid state. The additional hardening of the nitinol matrix 
(~540 - 735 HV) after a high-speed laser cooling was achieved by the microhardness date.  
As a positive moment the absence of the free nickel and any Ni-Ti intermetallic phase transformation 
during rapid solidification can also be considered. These non-porous samples can be used not only as 
scaffolds, they can also be applied to stressed skeleton areas in maxillofacial surgery, orthopedics, and 
trauma recovery.  
Acknowledgement  
The study was supported by the grants of the RAS Presidium in the frame of the Programme 
‘Fundamental Sciences for Medicine – 2010-2011’ and RFBR, project no. 10-08-00208-a. The authors 
are deeply grateful to Kakovkina N.G. for optical metallography and Dr. Kazakevich P.V. for the SEM.  
454   Shishkovsky I. et al. /  Physics Procedia  39 ( 2012 )  447 – 454 
 
References 
[1] Bram, M.; Ahmad-Khanlou, A.; Heckmann, A.; Fuchs, B.; Buchkremer, H.P.; Stover, D.: Powder metallurgical 
fabrication processes for NiTi shape memory alloy parts, Materials Science and Engineering A, 2002; 337: pp. 254-/263.  
[2] Shishkovsky, I.V. Laser Synthesis of Functional Mesostructures and 3D Parts [in Russian], Fizmatgiz, Moscow, 2009.  
[3] Krishna, B.V.; Bose, S.; Bandyopadhyay, A.: Laser Processing of Net-Shape NiTi Shape Memory Alloy, Metallurgical 
and Material Transactions A, 2007; 38A: pp. 1096-1103. 
[4] Shishkovsky, I.V.; Gureev, D.M.; Petrov, A.L.: Formation of biocompatible inter-metallic phases under laser sintering of 
powdered SHS compositions. Izvestiya Akademii Nauk. Seriya Fizicheskaya, 1999; 63/10: pp. 2077-2081.  
[5] Shishkovskii, I.V.; Yadroitsev, I.A.; Smurov, I.Yu.: Selective laser sintering/melting of nitinol–hydroxyapatite composite 
for medical applications. Powder Metallurgy and Metal Ceramics, 2011; 50: pp. 275-283. 
[6] Shishkovsky, I.V.: Functional design of porous drug delivery systems based on laser assisted manufactured nitinol. MRS 
Proceedings, 2012; 1415: mrsf11-1415-ii03-10. doi:10.1557/opl.2012.3.  
[7] Huang, H., Zheng, H.Y., Lim, G.C.: Femtosecond laser machining characteristics of Nitinol. Applied Surface Science. 
2004; 228: pp. 201–206.  
[8] Gebhardt, A.; Schmidt, F.-M.; Hötter J.-S.: Additive Manufacturing by Selective Laser Melting The Realizer Desktop 
Machine and its application for the Dental Industry, Physics Procedia, 2010; 5: pp. 543–549.  
 
